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A Clockwork Explosion! Minireview
For the clock genes of both Drosophila and Neuro-Steven M. Reppert
Laboratory of Developmental Chronobiology spora, posttranscriptional mechanisms (e.g., nuclear
Pediatric Service entry, phosphorylation, and proteolysis) appear to con-
Massachusetts General Hospital tribute to the appropriate time delays in the molecular
and Harvard Medical School oscillations necessary to generate a 24 hr clock (see
Boston, Massachusetts 02114 references in Price et al., 1998). In fact, the importance
of phosphorylation for destabilizing PER and thereby
allowing its participation in normal clock function has
With the blink of an eye, the field of circadian biology now been clearly established.
has come of age. A recent deluge of research has dra- PER Phosphorylation Is an Essential Feature
matically advanced our view of the molecular basis of of the Drosophila Clock
how circadian clocks work in both the fruit fly Drosophila A marvelous set of papers by Young and colleagues
melanogaster and in mammals. And the similarities of shows that the phosphorylation of PER regulates a criti-
the newly discovered aspects of a central clock mecha- cal step in the fly circadian loop (Kloss et al., 1998; Price
nism between these divergent organisms are striking. et al., 1998). A chemical mutagenesis screen identified
Moreover, we now know that clock protein turnover is short- and long-period alleles of a new Drosophila clock
a major contributor to the time delay required in a 24 hr gene termed double-time (dbt). Complementation ex-
feedback loop. Our myopic view that circadian clocks periments identified a P-element insertional mutation
in mammals are restricted to neural structures has also (dbtP) that functions as a null allele. dbtP abolishes the
been permanently altered. Here, I showcase these dis- circadian oscillations of per and tim in putative clock
coveries and highlight the implications. neurons in larval brain, although TIM light sensitivity and
Circadian rhythms are ubiquitous biological oscilla- nuclear localization are not affected (Price et al., 1998,
tions found up and down the phylogenetic tree, from and references therein). Thus, the dbtP mutation appears
humans to cyanobacteria. These rhythms are generated to mainly alter PER; PER accumulates in these mutants
by an internal timekeeping mechanism referred to as a to very high levels (even in the absence of TIM) and is
biological or circadian clock. Circadian clocks are nor- hypophosphorylated.
mally synchronized (entrained) to the 24 hr day by peri- The dbt gene encodes a protein closely related to
odic time cues, with the daily light-dark cycle and the human casein kinase Ie (Kloss et al., 1998). The P-ele-
daily temperature cycle (at least in invertebrates) provid- ment insertion of dbtP is located in an intron of the dbt
ing potent entraining stimuli. gene, causing a reduction in dbt RNA levels. The period-
Overwhelming evidence in Drosophila and the bread altering dbt alleles are associated with single missense
mold Neurospora crassa shows that core clock mecha- mutations that change the timing of PER phosphoryla-
nisms involve ªclock genesº which participate in tran-
tion. dbt is expressed in the same regions in which per
scriptional/translational feedback loops (see references
and tim are expressed, and DBT can dimerize with PER.
in Reppert and Weaver, 1997). In Drosophila, two clock
The authors eloquently propose that DBT activity in
genes, period (per) and timeless (tim), are necessary
wild-type flies promotes cyclic per and tim expressionelements of a circadian timing system that controls cir-
by destabilizing PER monomers, which, in turn, allowscadian rhythms in adult eclosion behavior and locomo-
PER accumulation and formation of PER±TIM hetero-tor activity. The RNA and protein products of both genes
dimers only when TIM levels are rising (Kloss et al.,(PER and TIM) oscillate, and the cycling of each is de-
1998). Thus, PER phosphorylation augments the timependent on PER±TIM dimerization and nuclear entry.
delay between the RNA and protein rhythms necessaryFly PER and TIM appear to function as negative regula-
to sustain molecular oscillations. Unlike the clock genestors of their own transcription, collectively forming an
per and tim, dbt RNA levels do not cycle. Thus, theautoregulatory feedback loop that constitutes perhaps
progressive temporal phosphorylation of PER may re-the quintessential ªgearº of the circadian clock. Once
flect rhythmic substrate availability and cumulativein the nucleus, it is still unknown precisely how PER and
phosphorylation, rather than a temporal variation in ki-TIM act to turn off their own transcription, since neither
nase activity.appears to be able to bind DNA. But recent studies
The apparently decreased stability of phosphorylatedreviewed below have come very close to closing this
PER suggests that this modification targets degrada-loop.
tion, perhaps through proteasomal proteolysis. SuchIn Neurospora, theclock gene frequency (frq) encodes
proteolysis would suggest the existence of another classa protein that also negatively regulates the level of its
of clock-related genes involved in degradation of clockown transcript (see references in Crosthwaite et al.,
gene products. With the cloning of mammalian per ho-1997). The white collar 1 and white collar 2 genes encode
mologs (see below), it will be interesting to determinePAS-containing, DNA-binding proteins that appear to
whether casein kinase Ie contributes to circadian rhyth-positively regulate frq transcription (Crosthwaite et al.,
micity in mammals.1997). The ability of white collar proteins to bind directly
Mammalian Clock Genesto the frq promoter and activate transcription, however,
In mammals, the suprachiasmatic nuclei (SCN) of thehas not yet been established. Nonetheless, the Neuro-
anterior hypothalamus function as a master circadianspora data provide precedent for PAS proteins acting
as positive elements driving a circadian feedback loop. pacemaker, driving virtually all circadian rhythms in
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physiology and behavior (reviewed by Reppert and relative importance of mPer1 and mPer2 induction by
light for ultimately shifting the SCN clock. Light firstWeaver, 1997). The daily light-dark cycle acts through
retina-to-SCN neural pathways to entrain the SCN clock induces mPer1 expression in the ventrolateral SCN with
induction then spreading over the entire nucleus (Al-and its regulated rhythms to the 24 hr day. The SCN is
a multioscillatory clock with the entire clockwork resid- brecht et al., 1997; Shigeyoshi et al., 1997). This pattern
of mPer1 expression is consistent with an oscillator net-ing in single neurons (Liu et al., 1997, and references
therein). Circadian clocks also reside in the mammalian work model of the SCN (Liu et al., 1997). This model
predicts that only a portion of the oscillators in the net-retinae, where they probably function to control local
rhythms in retinal physiology (see references in Reppert work need to respond initially to photic inputs to reset
the whole network.and Weaver, 1997).
Incredible progress has been made over the past year Per Gets Clocked
An amazing series of recent reports has revealed a won-elucidating molecular components of mammalian clocks.
First, the mouse Clock gene was cloned. The Clock derful marriage between the Clock and Per stories. The
courtship began at the time Clock was cloned in themutation causes abnormally long circadian periods in
behavior, with homozygous mutants eventually becom- mouse, coincident with Hardin and colleagues' identifi-
cation of an enhancer in a 69 bp fragment of the Dro-ing arrhythmic in constant darkness (King et al., 1997,
and references therein). A combination of positional sophila per promoter that drives high amplitude RNA
cycling (Hao et al., 1997). Within this promoter fragment,cloning and functional rescue approaches revealed that
Clock encodes a member of the basic helix-loop-helix an E-box sequence (CACGTG) was found necessary for
high level expression. Since bHLH transcription factors(bHLH)/PAS family of transcription factors (King et al.,
1997, and references therein). The mutant Clock allele bind to E-box elements to affect transcription, it seemed
reasonable that CLOCK, being a bHLH/PAS protein,produces a dominant-negative phenotype, which may
be explained by the 51 amino acids that are deleted might interact with this element to drive Per transcrip-
tion. However, since most bHLH/PAS proteins are onlyfrom the putative transcriptional activation domain of
the mutant protein. We now know (see below) how functional as heterodimers, looking for a Clock partner
became the first order of business.CLOCK participates in an SCN clock mechanism.
A second discovery essential for understanding mo- Using two-hybrid assays, two laboratories indepen-
dently showed that a partner of mammalian CLOCK islecular mechanisms in mammalian clocks was the clon-
ing of a family of three mammalian homologs (located BMAL1(MOP3). Bradfield and coworkers were looking
for partners of bHLH/PAS orphans (Hogenesch et al.,on three different chromosomes) of Drosophila per (Al-
brecht et al., 1997; Shearman et al., 1997; Shigeyoshi et 1998). Their two-hybrid screen revealed that one orphan,
BMAL1, an isoform of MOP3, interacts with CLOCK. Tran-al., 1997; Sun et al., 1997; Tei et al., 1997; Zylka et al.,
1998). Each of the three Per genes (Per1, Per2, and Per3) sient transfection experiments showed that BMAL1±
CLOCK dimers bind a CACGTG E-box element to acti-encodes a protein with a PAS dimerization domain which
is highly homologous to the PAS domain of insect PER. vate transcription from a luciferase reporter gene.
Weitz and colleagues were specifically screening forImportantly, mouse Per1 (mPer1), mPer2, and mPer3 all
appear to be clock relevant, as their RNA levels are CLOCK-interacting proteins and identified several inter-
actors (Gekakis et al., 1998). Of these, only BMAL1 hadrobustly rhythmic in the SCN and eyes. Interestingly,
the eye rhythms are delayed by several hours relative a pattern of RNA expression similar to that of Clock.
One-hybrid assays also showed that only BMAL1±to the SCN oscillations.
Both mPer1 and mPer2 RNAs in the SCN are in- CLOCK dimers bind tightly and specifically to the Dro-
sophila per E-box. These investigators next found 3creased by light exposure during subjective night but
not during subjective day (Albrecht et al., 1997; Shear- CACGTG E-box elements within 1.2 kb of the mPer1
59 flanking region. Transient transfection experimentsman et al., 1997; Shigeyoshi et al., 1997; Zylka et al.,
1998). In contrast, mPer3 RNA levels are unresponsive showed that CLOCK±BMAL1 dimers bind the mPer1
E-boxes to drive transcription of a reporter gene.to light pulses applied throughout the circadian cycle
(Zylka et al., 1998). mPer1 RNA induction might be the Weitz's team also used their assay systems to provide
a molecular explanation for the dominant-negative phe-initial clock-specific molecular event for photic entrain-
ment in the SCN (Shigeyoshi et al., 1997). mPer1 RNA notype of the Clock mutation that encodes a protein
termed CLOCK-D19 (Gekakis et al., 1998). When CLOCK-is rapidly induced by light at times that elicit both phase
delays and advances in behavior. Furthermore, dose- D19 was analyzed along with BMAL1 in the transcription
assay, there was no transcriptional activation fromresponse curves show that mPer1 induction elicits both
reciprocity and correlation with phase shifts in behavior. mPer1 E-box elements. Further analysis showed that
the mutant protein dimerizes normally with BMAL1 andmPer2 levels are also rapidly induced by light (i.e., signif-
icant induction is observed 30±60 min after a light pulse) the heterodimer, in turn, binds to the mPer1 E-boxes.
Thus, the Clock mutation acts as a dominant negative(Zylka et al., 1998). Moreover, unlike mPer1 induction
by light, there are clear qualitative and quantitative dif- by forming nonfunctional heterodimers deficient in tran-
scriptional activity. This finding also suggests thatferences in the response of mPer2 RNA levels to light
pulses during early and late subjective night (Zylka et CLOCK itself is responsible for bringing transactivation
activity to the CLOCK±BMAL1±E-box complex. Predict-al., 1998). This suggests a molecular corollary between
mPer2 induction and the direction of the behavioral re- ably, and importantly, mPer1 RNA levels in SCN are
significantly reduced in Clock/Clock mice, compared tosponse to light (e.g., delay versus advance). At this time,
however, it is not possible to distinguish between the wild-type animals, providing in vivo evidence for the
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regulation of mPer1 transcription by CLOCK. In vitro
and in vivo assessments of CLOCK-regulated mPer2
and mPer3 transcription are just around the corner.
Meanwhile, back in the fly, Kay and coworkers cloned
a Drosophila homolog of Clock (dclock) and showed
that its protein also activates per and tim transcription
(Darlington et al., 1998). The role of dCLOCK in the tran-
scriptional regulation of per and tim was examined in
transient transfection assays using Schneider (S2) cells.
In these cells (which don't express dclock), the transfec-
tion of dclock alone was sufficient to cause a marked
increase in the transcription of reporter genes carrying
the promoters of either per or tim. Refinement of the
promoter regions showed that identical per and tim
E-boxes were sufficient for transcriptional activation by
dCLOCK. Knowing that the mammalian work had re-
vealed BMAL1 as the partner of CLOCK, Drosophila
Bmal1 (dbmal1) was next cloned. dbmal1 is heavily ex-
pressed in S2 cells, providing an explanation for the
ability of only dCLOCK transfection to activate per and
tim transcription. dCLOCK and dBMAL1 were also
shown to interact and bind the per E-box. Most impor-
tantly, expression of PER and TIM in S2 cells caused a
large reduction indCLOCK-mediated reporter induction.
Since PER and TIM did not decrease E-box±driven re-
porter expression when dCLOCK was excluded or the
E-box element was mutated, it appears that PER and/
or TIM binds to either dCLOCK or dBMAL1 so that they
are unable to form functional complexes for transcrip-
tional activation.
While these functional studies in the mammal and fly
were moving forward, genetic analyses by the Rosbash
and Hall labs of two new clock mutations in Drosophila
(Jrk and cyc) provided the crowning touch to the
Figure 1. Schematized View of Our Knowledge of a Clock FeedbackCLOCK±BMAL1 story (Allada et al., 1998; Rutila et al.,
Loop in Drosophila and Mammals1998). Homozygous Jrk and cyc mutants are both ar-
(Top) Drosophila CLOCK(CLK)±BMAL1 heterodimers bind E-boxesrhythmic and exhibit little or no transcription of the per
in the per and tim promoters to drive transcription. Translated PERand tim genes. The Jrk locus encodes dclock, and the and TIM are phosphorylated, form heterodimers, and are translo-
mutant phenotype results from a nonsense mutation cated to the nucleus. In the nucleus, PER and TIM interact with the
that truncates the protein, eliminating much of the puta- CLOCK±BMAL±E-box complex to turn off their own transcription.
(Bottom) In mammals, our knowledge is currently limited to CLOCK±tive activation domain (Allada et al., 1998). As with the
BMAL1 heterodimers binding E-boxes to activate Per1 transcription.mouse Clock mutation, the presence of the PAS domain
without an activation domain may give rise to the semi-
dominant effects of the Jrk mutation. The cyc locus
other bHLH/PAS interactions that modulate per tran-encodes dbmal1, and the mutant phenotype results
scription in mammals and/or Drosophila. Closing thefrom a nonsense mutation that severely truncates the
circadian feedback loop for per and tim in Drosophilaprotein so that PAS is not preserved (Rutila et al., 1998).
will require delineating exactly how PER and/or TIMThis truncation is consistent with the strong loss-of-
negatively regulate the CLOCK±BMAL±E-box complex.function phenotype. These reports further suggest that,
Greatly awaited is the cloning of mammalian tim andas in the mammal, dCLOCK provides the transactivation
the definition of its role in the mammalian Clock genedomain to the heterodimer±DNA complex that activates
story.both per and tim transcription.
Circadian Clocks Are Everywhere!Taken together, this astounding coalescence of re-
The three mPer genes are widelyexpressed inperipheralsearch provides a solid molecular basis for the positive
tissues (Albrecht et al., 1997; Shearman et al., 1997; Sunregulation of per feedback loops in both mammals and
et al., 1997; Tei et al., 1997; Zylka et al., 1998). ButDrosophila (Figure 1). In Drosophila, per, tim, and dbmal1
why is mammalian Per gene expression so widespread?are all essential genes for normal clock function, as null
Recent studies using transgenic Drosophila expressingmutations of each lead to arrhythmicity. Gene targeting
luciferase under the control of the per promoter identi-studies have not yet been reported for the mouse Per
fied light-sensitive, autonomous circadian clocks ingenes, mClock, or mBmal1, but redundancy of function
many nonneural body parts that express per (Plautz etmay be more common for these circadian elements in
al., 1997). This suggested that circadian clocks mightmammals. Although the CLOCK±BMAL1 interaction seems
fairly specific for the CACGTG E-box, there may well be exist in many of the mammalian tissues that express
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Selected ReadingPer genes. In fact, circadian rhythms in RNA abundance
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Albrecht, U., Sun, Z.S., Eichele, G., and Lee, C.C. (1997). Cell 91,and testis) recently examined (Zylkaet al., 1998). In these
1055±1064.
tissues, the phase of the oscillation of each Per gene
Allada, R., White, N.E., So, W.V., Hall, J.C., and Rosbash, M. (1998).
was considerably delayed relative to the oscillations Cell 93, 791±804.
in the SCN, suggesting that they are either driven or Balsalobre, A., Damiola, R., and Schibler, U. (1998). Cell 93, 929±937.
synchronized by the SCN.
Crosthwaite, S.C., Dunlap, J.C., and Loros, J.J. (1997). Science 276,
Schibler and colleagues (Balsalobre et al., 1998) took 763±769.
the idea of peripheral clocks in mammals one giant step Darlington, T.K., Wager-Smith, K., Ceriani, M.F., Staknis, D., Ge-
forward. They discovered in spectacular fashion that kakis, N., Steeves, T.D.L., Weitz, C.J., Takahashi, J.S., and Kay, S.A.
mammalian cells in tissue culture contain circadian (1998). Science 280, 1599±1603.
clocks. The key to their experimental approach was us- Gekakis, N., Staknis, D., Nguyen, H.B., Davis, F.C., Wilsbacher, L.D.,
King, D.P., Takahashi, J.S., and Weitz, C.J. (1998). Science 280,ing a serum shock (50% serum) to induce RNA rhythms
1564±1569.in the rat-1 fibroblast cell line of several transcription
Hao, H., Allen, D.L., and Hardin, P.E. (1997). Mol. Cell. Biol. 17,factors normally expressed in peripheral tissues, as well
3687±3693.as Per1 and Per2. The rhythms were circadian (mean
Hogenesch, J.B., Bu, Y.-Z., Jain, S., and Bradfield, C.A. (1998). Proc.period z22 hr), robust, and apparent for three cycles in
Natl. Acad. Sci. USA 95, in press.culture. Appropriate controls made a role of the cell
King, D.P., Zhao, Y., Sangoram, A.M., Wilsbacher, L.D., Tanaka, M.,cycle in the observed rhythmicity unlikely. The temporal
Antoch, M.P., Steevers, T.D.L., Vitaterna, M.H., Kornhauser, J.M.,
sequence of the various RNA oscillations found in vitro Lowrey, P.L., et al. (1997). Cell 89, 641±653.
mimicked the in vivo situation.
Kloss, B., Price, J.L., Saez, L., Blau, J., Rothenfluh, A., Wesley, C.S.,
Interestingly, the serum shock also elicited rapid in- and Young, M.W. (1998). Cell 94, 97±107.
duction of Per1 and Per2 gene expression, similar to Liu, C., Weaver, D.R., Strogatz, S.H., and Reppert, S.M. (1997). Cell
the effects of light on Per1 and Per2 expression in the 91, 855±860.
SCN. Studies with the translation inhibitor cyclohexi- Plautz, J.D., Kaneko, M., Hall, J.C., and Kay, S.A. (1997). Science
mide showed that the serum-induced Per1 and Per2 278, 1632±1635.
expression does not require the synthesis of new pro- Price, J.L., Blau, J., Rothenfluh, A., Abodeely, M., Kloss, B., and
Young, M.W. (1998). Cell 94, 83±95.teins, indicating that the Per genes are regulated as
immediate-early genes in serum-stimulated cells. Cyclo- Reppert, S.M., and Weaver, D.R. (1997). Cell 89, 487±490.
heximide treatment also delayed the downregulation of Rutila, J.E., Suri, V., Le, M., So, W.V., Rosbash, M., and Hall, J.C.
(1998). Cell 93, 805±814.Per1 and prevented the downregulation of Per2 for sev-
eral hours. This suggests that immediate-early gene Shearman, L.P., Zylka, M.J., Weaver, D.R., Kolakowski, L.F., Jr., and
Reppert, S.M. (1997). Neuron 19, 1261±1269.products are involved in the inhibition of Per transcrip-
Shigeyoshi, Y., Taguchi, K., Yamamoto, S., Takekida, S., Yan, L.,tion and provides the best evidence to date of autoregu-
Tei, H., Moriya, T., Shigenobu, S., Loros, J.J., Dunlap, J.C., andlatory feedback loops for the mammalian Per genes.
Okamura, H. (1997). Cell 91, 1043±1053.It is not yet known whether the serum pulse initiates
Sun, Z.S., Albrecht, U., Zhuchenko, O., Bailey, J., Eichele, G., andcircadian clocks in these tissues or synchronizes al-
Lee, C.C. (1997). Cell 90, 1003±1011.
ready running, cell-autonomous clocks. Based on stud-
Tei, H., Okamura, H., Shigeyoshi, Y., Fukuhara, C., Ozawa, R., Hirose,ies in the SCN (Liu et al., 1997, and references therein),
M., and Sakaki, Y. (1997). Nature 389, 512±516.
it is most probable that the serum pulse is synchronizing
Zylka, M.J., Shearman, L.P., Weaver, D.R., and Reppert, S.M. (1998).
extant, oscillating cellular clocks. The data also suggest Neuron 20, 1103±1110.
that there may be a blood-borne factor that synchro-
nizes these peripheral oscillators or that body tempera-
ture rhythms may be involved. Synchronization probably
originates in the SCN, which could explain the lag be-
tween the oscillations in the SCN and in the periphery.
The Schibler paper may well change the direction of
model systems used for clock gene work in mammals.
This will be particularly true for biochemical and molecu-
lar analyses of general clock mechanisms, including
analysis of signal transduction cascades mediating en-
trainment. The identity of the synchronizing agent, the
precise role of the SCN in this synchronization, and the
function of ªslaveº clocks in the periphery are important
issues that need to be resolved. Ultimately, however,
whatever is gleaned from these peripheral clocks will
have to be taken back to analysis of the SCN. Most
broad-minded investigators know that we still have
much to learn about the unique role of the SCN, not
only as a clock, but as the master circadian pacemaker.
The explosive developments of the last months guar-
antee that clock workers will continue to work around
the clock.
